We have shown previously that a left-handed curved DNA segment of 180 bp (T20) can activate eukaryotic transcription. Here, the local chromatin structure around the promoter was investigated in a HeLa cell line HLB10/T20 harboring the T20-containing reporter and in its control cell line HLB10 in which T20 was deleted from the same reporter locus. An analysis of translational positioning of nucleosomes indicated that the nucleosome density in the region spanning from about -500 to +200 relative to the transcription start site (+1) was lower in HLB10/T20 cells than in HLB10 cells. The results of the chromatin analyses also indicated that the histone core may slide within the T20 region, and the ability of T20 to capture and reposition histones may increase the accessibility of both the TATA box and other cis-DNA elements. These effects seem to be responsible for facilitation of transcription by T20.
I. INTRODUCTION
Curved DNA structures often occur in or around origins of DNA replication, [1] [2] [3] [4] [5] [6] promoters and enhancers, and DNA recombination loci, [7] [8] irrespective of the origin of the DNA. This suggests that DNA curvature is important in many basic genetic processes (for reviews, see refs. [9] [10] [11] [12] . In bacterial promoters, curved DNA structures have a range of functions: facilitating RNA polymerase binding to the promoter, promoting the transition from closed to open promoter complexes, and enhancing binding of transcription factors. 13 Curved DNA structures are also likely to function in eukaryotic transcription in several ways. These include acting as a conformational signal for transcription factor binding; juxtaposition of the basal machinery with effector domains on upstream-bound factors; regulation of transcription in association with transcription-factor induced bending of DNA; and organization of local chromatin structure to increase the accessibility of cis-DNA elements.
We have shown that a 36-bp curved DNA with a close structural resemblance to part of a negative supercoil is able to preferentially bind a histone core. Furthermore, this curved DNA can activate eukaryotic promoters when it is introduced upstream of a promoter at an appropriate distance and with proper spatial positioning. 15 Mechanistically, this curved DNA (referred to as T4 in the present study; where T indicates a dT•dA tract and the numeral indicates the number of tracts) facilitates nucleosome formation and the TATA box is thereby positioned in the linker DNA with its minor groove facing outwards; we note that this finding explains why curved DNA is often located near transcriptional control regions. We have also shown that a left-handed curved DNA segment of 180 bp (referred to as T20) can activate transcription from the herpes simplex virus (HSV) thymidine kinase (tk) promoter by about 70-fold compared to a control segment, using a transient transfection assay in COS-7 cells. 16 The T20 segment was also able to activate transcription from the human adenovirus type 2 E1A promoter with an 18-fold increase in the same assay system, and also activated transcription from the tk promoter on episomes in COS-7 cells. 16 In addition, T20 was found to activate transcription in all of five stable transformants of HeLa cells, irrespective of the locus. 16 Here, we have investigated the chromatin structure formed on or around the T20 segment in the nucleus, in order to examine the mechanism of transcriptional activation induced by the T20 segment.
II. METHODS AND MATERIALS II-A. Cell culture and nuclei preparation
HeLa cells were grown according to the standard method. Nuclei were prepared as described previously. 15 
II-B. Chromatin digestion
For digestion of chromatin with MNase, aliquots of 100 µl of nuclei suspension (1 × 10 7 nuclei/ml for indirect end-labeling analysis and 4 × 10 7 nuclei/ml for analysis of nucleosomal arrays) were pre-incubated at 25°C for 1 min. Micrococcal nuclease (MNase, Worthington Biochemical) was added at 1 U or 2 U for indirect end-labeling analysis, and at 2 U, 5 U and 8 U for analysis of nucleosomal arrays. Digestion was performed at 25°C for 5 min. For indirect end-labeling analysis, naked DNA was digested in the same way using 0.1 U or 0.2 U of MNase. The subsequent steps were carried out as described previously. 15 For digestion of chromatin with DNase I, aliquots of 100 µl of nuclei suspension (1 × 10 7 nuclei/ml) were pre-incubated at 37°C for 1 min and subsequently 0.14 U, 0.6 U or 2.4 U of DNase I (TaKaRa Bio) was added. Digestion was then performed at 37ºC for 2 min. Naked DNA was digested in the same way using 0.1 U, 0.2 U or 0.3 U of DNase I. The subsequent steps were carried out as described previously.
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II-C. Preparation of a G-ladder
Genomic DNA (3µg) was treated with Dimethyl sulfate and piperidine to prepare a G-ladder. 17 
II-D. Ligation-mediated PCR
Ligation-mediated PCR (LM-PCR) was performed to amplify the nuclease-digested DNA fragments. 18 For the indirect end-labeling analysis, 3µg of MNase digests were phosphorylated and ligated with linker DNA. The resulting products were digested with BsrGI and amplified by PCR with oligo A (5'-GCGGTGACCCGGGAGATCTGAATTC-3') and oligonucleotide 5'-TCGACTGAAATCCCTGGTAATCCGT-3'using the following PCR conditions: 95ºC for 5 min; 20 cycles at 95ºC for 1 min, 65ºC for 2 min and 72ºC for 3 min; and 72ºC for 10 min.
To detect DNase I cleavage sites, primer extension reactions were carried out with the following primers: 5'-TCTGCGTGTTCGAATTCGCC-3' for analysis of the T20 region; and 5'-GTCTTCCATTTTACCAACAG-3' for analysis of the tk promoter. The PCR conditions were as follows: 95ºC for 5 min, 58ºC for 30 min and 76ºC for 10 min. After ligation with linker DNA and subsequent purification, PCRs were performed with the following sets of primers; oligoA and 5'-CCAATGACAAGACGCTGGGC-3' to detect signals in the T20 region; and oligoA and 5'-TAAGGCCATGACAACCATTT-3' to detect signals in the tk promoter region. The PCRs were carried out under the following conditions: 95ºC for 5 min; 20 cycles at 95ºC for 1 min, 60ºC or 58ºC for 2 min and 72ºC for 3 min; and 72ºC for 10 min.
II-E. Analysis of cutting sites
MNase cleavage sites were detected as follows. Purified DNA was electrophoresed on a 1.2% agarose gel in Tris-borate-EDTA buffer and then transferred onto nylon membranes. For detection of nucleosomal arrays, the membrane was hybridized with a 203-bp probe specific for T20 that spanned from -367 to -164 relative to the transcription start site, or with a 97-bp probe specific for the tk promoter that spanned from -81 to +16. In indirect end-labeling analysis, the membrane was hybridized with a 336-bp probe that spanned from the BsrGI site to position +217. The probes were labeled with [α-32 P]dCTP (3000Ci/mmol) by random priming.
DNase I cleavage sites were detected by the PCR-based primer extension method, 15 using a (5'-32 P)-labeled primer 5'-AAGACGCTGGGCGGGGTTTGTGTC-3' for detection of cleavage sites in the T20 region or a 5'-GGAATGCCAAGCTTACTTAG-3' primer for detection of cleavage sites in the tk promoter region. The PCR conditions were as follows: 95ºC for 5 min; 13 cycles at 95ºC for 1 min, 65ºC or 60ºC for 2 min, and 72ºC for 3 min; and 72ºC for 10 min. All samples were purified and resolved in 6% polyacrylamide-7M urea gels.
III. RESULTS
To investigate the underlying mechanism of T20-mediated activation of transcription, 16 we studied the chromatin structure formed on and around T20 in the nucleus. Initially, nuclei were isolated from a HeLa cell line HLB10/T20 containing a single copy of a reporter gene within its genome (Fig. 1) . MNase digestion of the nuclei was then performed; this enzyme digests the linker regions between nucleosomes. A Southern blot of the digest was probed using fragments corresponding to the T20-containing region and the promoter DNA (Fig.2) . MNase digests of HLB10/T20 chromatin and HLB10 chromatin using probes for T20 and promoter DNA. DNA fragments spanning from -367 to -164 and from -81 to +16 relative to the transcription start site (+1) were used as probes: lane 1, 20 U/ml; lane 2, 50 U/ml; lane 3, 80 U/ml. 'M' indicates the marker lane.
As shown in the figure, both probes detected a canonical ladder pattern for chromatin digestion with MNase; i.e., probe 1 detected regularly spaced DNA bands of approximately 180, 430, 630, 830, 1000, 1180 and 1400 bp, and probe 2 detected bands of 180, 380, 565, 775, 980, 1170 and 1380 bp. The distance between these bands ranged from 170 to 250 bp, consistent with the presence of nucleosomal arrays. This result indicates that nucleosomes were formed on the region spanning from T20 and the tk promoter. A similar analysis of the control cell line HLB10, in which the T20 segment was deleted from the reporter locus of HLB10/T20, showed that nucleosomes were also formed in the promoter region (Fig. 2) .
Translational and rotational positioning of nucleosomes plays an important role in transcription.
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Thus, we analyzed translational positioning (sequence-specific localization) of the nucleosomes using indirect end-labeling analysis. 23, 24 Bands observed at -430, -370, -65, -35, +1, +85, +150 and +210 in digestion of naked DNA disappeared or became fainter in digestion of chromatin from the HLB10/T20, indicating that these sites were protected from MNase cleavage in the chromatin (Fig. 3) . On the other hand, bands at -410, -300, -250, -130, -75, -20, +50, +105 and +180 either newly emerged or became clearer in digestion of HLB10/T20 chromatin, indicating that these sites were more susceptible to MNase cleavage in chromatin. Fig. 3 . Analysis of translational positions of nucleosomes formed on the reporter locus. Nuclei of HLB10/T20 cells and HLB10 cells were subjected to MNase digestion. After deproteinization, the genomic DNA was digested with BsrGI and MNase-sensitive DNA sequences were detected using indirect end-labeling analysis. The relative extent of MNase digestion is indicated on the top of the autoradiogram. 'DNA', 'Ch' and 'M' indicate naked DNA, chromatin DNA and size marker lanes, respectively. Distinct cleavage sites and protected sites in chromatin are indicated with black and white arrowheads, respectively, and the sites are numbered relative to the transcription start site. Possible nucleosomal arrays are shown schematically on the right of each autoradiogram.
Although a region from -410 to -130 in naked DNA was protected from MNase digestion (this was presumably due to the intrinsic nature of the T20 segment), the bands described above suggest that the regions between -410 and -250, -300 and -130, -130 and +50, -75 and +105, and -20 and +180 harbored translationally positioned nucleosomes. Thus, as illustrated in Fig. 3 , six possible alignments of nucleosomes (a-f) were assumed, with each nucleosomal array containing two nucleosomes with a wide spacing. Using the same procedure, the position of nucleosomes on the genome of HLB10 cells was analyzed. Bands at -530, -315, -130, -80, -15, +40, +115, +170 and +265 seem to reflect the linker centers and these data suggest three possible alignments (g-i); therefore, in the control cells, three to four nucleosomes appear to be deposited in the region of interest.
Using the same nuclei fraction, we then investigated the rotational orientation of the region from T20 to the tk promoter. DNase I digestion of chromatin from the HLB10/T20 nuclei gave a specific "10-bp ladder" cleavage pattern (with rung spacing of 9-21 bp) in the region spanning from the upstream end of T20 to the CCAAT box (Fig. 4) . This indicates that this region was positioned on the surface of a histone core. Interestingly, in the T20 region, the positions and intensities of the cleavage signals were almost the same for DNase I cleavage of naked DNA and chromatin, indicating that the conformation of T20 was maintained in the chromatin context. In contrast, DNase I digestion of HLB10 nuclei resulted in a very short ladder corresponding only to the region from the unique loxP site to the CCAAT box.
IV. DISCUSSION
Investigation of the chromatin structure formed on a T20-flanked tk promoter was performed to determine the basis for T20 activation of transcription. This region was found to harbor nucleosomes in HLB10/T20 cells (Fig. 2 ). An analysis of translational positioning of nucleosomes indicated that in each alignment two nucleosomes were implicated in the case of HLB10/T20cells, while three or four nucleosomes were implicated in HLB10 cells (Fig. 3) . Thus, the nucleosomes density in the region from about -500 to +200 was lower in HLB10/T20 cells than in HLB10 cells. Based on the data, the accessibility of the TATA box was presumably higher in HLB10/T20 cells, and this may be one reason why the promoter activity is higher in HLB10/T20 cells than in HLB10 cells. In the next paragraph, we address how the T20 segment may contribute to organization of the chromatin structure in HLB10/T20 cells.
We recently showed that a 36-bp curved DNA segment (T4) that mimics part of a left-handed superhelical structure can attract a histone core and activate eukaryotic promoters when introduced upstream of the promoter at an appropriate distance and with proper spatial positioning.
15 T20 may behave in a similar manner but have a more pronounced effect, since the T20 segment of 180 bp is much longer than T4. Indeed, T20 seems to have a high affinity for histone cores: i.e., two translational nucleosome locations were identified in the T20 region (Fig. 3) . In addition, a specific " 10-bp ladder" cleavage pattern much longer than ~150 bp, the canonical length of usual 10-bp ladders, was detected in the region from the upstream end of T20 to the CCAAT box (Fig. 4) . The ladder length of ~290 bp suggests that a long DNA region was rotationally positioned on the surface of histone cores that were not translationally positioned on the region. In other words, these results suggest a dynamic feature of the relevant nucleosomes; i.e., the histone core may slide within the T20 segment, with a slight preference for the two indicated positions. These putative histone-capturing and -sliding properties of T20 may function statically and dynamically to increase the accessibility of the TATA box and other cis-DNA elements in the promoter, thereby facilitating transcription.
